This study examined the relationship between measured and derived anthropometric measurements with dual-energy x-ray absorptiometry measured lean and fat mass at 3.0 Ϯ 2.8 (SD) days in 120 neonates with birth weights appropriate (AGA; n ϭ 74), large (LGA; n ϭ 30); or small (SGA, n ϭ 16) for gestational age. Anthropometric measurements, including total body weight and length, and regional measurements, including circumferences of head, chest, abdomen, midarm, and midthigh and dynamic skinfold thickness (15 and 60 s) at tricep, subscapular, suprailiac, and midthigh, were performed. Derived anthropometry included muscle and fat areas, and ratios were calculated from direct measurements. The skinfold thickness measurements between 15 and 60 s were highly correlated (r ϭ 0.973-0.996, p Ͻ 0.001 for all comparisons). Strong correlations existed within the four circumferences of trunk and extremities, the four skinfolds, and the ratios of weight to length and its higher powers. Weight and length accounted for Ͼ97% of the variance of lean mass in AGA and SGA infants and 46% of the variance in LGA infants and for 80, 82, and 84% of the variance of fat mass in SGA, AGA, and LGA infants, respectively, whereas midarm:head circumference ratio and arm muscle and fat areas are the most important derived anthropometry in the prediction for body composition. They independently accounted for up to 16.5 and 10.2%, respectively, of the variance in body composition depending on the state of in utero growth. Thus, total body weight and length and some selected regional and derived anthropometry accounted for the vast majority of the variance of body composition. (Pediatr Res 56: 694-700, 2004) Abbreviations AGA, appropriate for gestational age DXA, dual-energy x-ray absorptiometry LGA, large for gestational age SGA, small for gestational age Weight, length, and head circumference are classic anthropometric measurements to assess growth and nutritional status in the newborn infant. Birth weight is well recognized to have prognostic value for postnatal mortality (1,2), and its use in conjunction with gestation is useful for predicting morbidity (3-6). The simplicity of these measurements and the ease in training an operator to generate highly reproducible results have ensured their use in clinical situations. However, the clinical role of regional anthropometric measurement including circumference and skinfold thickness from various sites on the body and extremities is not well defined. Some reports indicated that regional anthropometry or the ratios and formulas derived from these measurements are good predictors of fetal growth and metabolic disturbances noted in neonates who are over-or undergrown for the duration of gestation (7-9). These refinements of regional anthropometry are thought to reflect more specific body composition, namely lean mass and fat mass (10,11), which allows assessment of the quality of growth such as the extent of energy, fat and protein deposition, and the potential mechanism for disturbed metabolism in infants with abnormal in utero growth.
Weight, length, and head circumference are classic anthropometric measurements to assess growth and nutritional status in the newborn infant. Birth weight is well recognized to have prognostic value for postnatal mortality (1, 2) , and its use in conjunction with gestation is useful for predicting morbidity (3) (4) (5) (6) . The simplicity of these measurements and the ease in training an operator to generate highly reproducible results have ensured their use in clinical situations. However, the clinical role of regional anthropometric measurement including circumference and skinfold thickness from various sites on the body and extremities is not well defined. Some reports indicated that regional anthropometry or the ratios and formulas derived from these measurements are good predictors of fetal growth and metabolic disturbances noted in neonates who are over-or undergrown for the duration of gestation (7) (8) (9) . These refinements of regional anthropometry are thought to reflect more specific body composition, namely lean mass and fat mass (10, 11) , which allows assessment of the quality of growth such as the extent of energy, fat and protein deposition, and the potential mechanism for disturbed metabolism in infants with abnormal in utero growth.
The aims of this study were to determine the relationship of whole-body versus regional anthropometric measurements or the calculated values on the basis of these measurements to the dual-energy x-ray absorptiometry (DXA)-measured lean mass and fat mass in neonates and to determine whether the same relationships exist regardless of deviation from normal in utero growth. We aimed to test the hypotheses that measured and derived anthropometric measurements in the neonate are highly correlated with and are predictive of DXA body com-position measurements and that these relationships are equally applicable regardless of normal and abnormal in utero growth.
METHODS

Subjects.
Anthropometric and DXA measurements were obtained in 120 neonates at 3.0 Ϯ 2.8 (SD) days after birth. Their clinical characteristics are shown in Table 1 . Gestational ages of the infants as determined by maternal menstrual dating and/or ultrasound were from 30 to 42 wk and consistent with gestational age assessment by standard examination (12) . Seventy-four infants had birth weights appropriate for gestational age (AGA; 10th to 90th percentiles), 30 were large for gestational age (LGA; Ͼ90 percentiles), and 16 were small for gestational age (SGA; Ͻ10th percentile) according to birth weight measurements (13) . The infants were part of the cohort for the study of body composition in infants with normal or abnormal in utero growth. All infants were clinically well at the time of study, and physical examination was normal without congenital malformations or dysmorphic features. This study was approved by the Institutional Review Board at the University of Tennessee, and written consent was obtained from the parent of each infant.
Anthropometric measurements. All anthropometric measurements were performed by one of the two investigators (J.C.W. or W.W.K.K.) with the help of an assistant using techniques adapted from standardized procedures (14) . Body weight of each infant was determined on an electronic scale (Air Shields, Vickers, OH) to the nearest gram. Recumbent length was measured in the supine position with a length board (Ellard Instrumentation Ltd, Seattle, WA) to the nearest 0.1 cm. Head circumference was measured at the largest occipitofrontal circumference using a paper tape measure to the nearest 0.1 cm. Multiple readings for length and head circumference were taken for each measurement, and the final reading was taken as the average of two consecutive values within 0.2 cm for head circumference and 0.4 cm for length.
Regional anthropometry included the measurement of circumferences and skinfold thickness. Circumferences were measured using a disposable paper tape with multiple readings for each measurement, and the final reading was taken as the average of two consecutive values within 0.2 cm. Chest (immediately below the level of the nipples) and abdomen (immediately above the umbilicus) circumferences were measured in a horizontal plane at the trunk during quiet respiration with the infant lying supine. Left limb circumferences were measured at midarm (midpoint between the acromion and olecranon) and midthigh (midpoint between the proximal border of the patella and the anterior superior iliac spine) with the extremity gently extended and the infant lying on the right side and in the supine position, respectively. The distance between fixed bony prominences was measured with the extremity flexed at about 90 degrees using a flexible metal tape. All sites except those for the chest and abdomen circumference were marked with a washable marker before actual measurement.
Skinfold thickness was measured using a commercial caliper (Lange caliper; Cambridge Scientific Industries Inc., Cambridge, MD) at the following sites: tricep, subscapular, suprailiac, and midthigh on the left side. Consistency of the caliper calibration was confirmed with a manufacturer-supplied metal step phantom immediately before its use on each infant. Tricep and midthigh skinfold was measured at the same level as the midarm and midthigh circumferences. The left limb was gently extended during measurement. The infant was lying on the right side for tricep and in a supine position for midthigh measurement. Subscapular skinfold was measured at the lower angle of the scapula, in the axis of the skin crease, with the infant lying on the right side and the left arm at the side of the body. Suprailiac skinfold was measured immediately above the iliac crest, along the axis of the anterior axillary line, with the infant lying supine. The operator's left thumb and index finger were used to elevate a double fold of skin and s.c. tissue in the natural cleavage lines of the skin~1 cm from the site at which skinfold was to be measured. Dynamic skinfold thickness to adjust for tissue water content (15, 16) was determined by recording each skinfold measurement at exactly 15 and 60 s with a stopwatch. All measurements were to the nearest 0.1 cm.
In our laboratory, duplicate measurements in 10 to 42 infants show similar intra-and interoperator precision as determined by the method of Gluer et al. (17) . They were consistently Ͻ1% for length and head circumference and Ͻ3% for other circumferences. However, the precisions for the measurement of thickness of skinfolds at 15 s were between 8 and 14% and at 60 s were between 7 and 17%.
DXA measurements. DXA scan acquisition was performed using a whole-body scanner (Hologic QDR 1000/W densitometer; Hologic Inc., Waltham, MA) with a two-platform system (aluminum platform overlying a foam table pad) and operated in the infant whole-body mode using the software v5.64P developed in conjunction with the manufacturer (18, 19) . DXA scan was performed immediately preceding anthropometric measurements if the infant was asleep; otherwise, it is done immediately afterward. Both the infant and the rectangular external calibration standard (step phantom) were placed on another cotton blanket, which overlaid the platforms. Each infant was wrapped in a cotton blanket without sedation or additional restraints during the scan. Only scans without significant movement artifact (20) were analyzed for total body and regional body composition as detailed previously (21, 22) . In our laboratory, measurements from duplicate DXA scans from 51 infants were highly significantly correlated (r Ͼ 0.99 and p Ͻ 0.001 for all comparisons), and the calculated (17) in vivo precision for lean mass was 1.7% and for fat mass was 5.6%. 
BODY COMPOSITION MEASUREMENT IN NEONATES
Statistical analyses. Principal component analysis was used to determine the factorial composition among the circumference and skinfold thickness at various parts of the body and extremities to obtain a composite measurement, thus avoiding analyses of multiple colinear measurements. Pearson correlation and repeated measures and one-way ANOVAs with Bonferroni post hoc comparison were used to determine the relationships of composite circumference and skinfold measurements among AGA, LGA, and SGA infants.
The derived anthropometric measurements included ratios of weight to length, body mass index as weight/length 2 , and ponderal index as weight/length 3 . The ratios of chest, abdomen, midarm, and midthigh circumferences to head circumference were also calculated. Principal component analysis was used to determine the factorial composition among weight:length ratio, body mass index, and ponderal index. Muscle and fat area of arm and thigh were calculated according to published equations (11) with the assumption that the arm and thigh were cylindrical layers of fat overlying muscle and bone.
The contributions of measured (weight, length, four circumferences, and four skinfold thickness measured at 15 and 60 s) or derived anthropometric measurements for DXA-measured total lean mass and fat mass were determined with hierarchical multiple regression. Gender, race, and gestational age were entered in all regressions as the first independent predictors of body composition.
All analyses were performed for all infants and separately for each group (AGA, LGA, and SGA) of neonates to determine whether the relationships among anthropometry and DXA measurements were affected by different in utero growth. The residuals from application of anthropometry prediction equation for body composition to each group (AGA, LGA, and SGA) were tested for difference from zero. If the anthropometric prediction equations are equivalent, i.e. able to predict DXA-measured body composition regardless of the in utero growth status, then the residuals will not be different from zero.
All statistical tests were performed with SPSS 11.5 (SPSS Inc., Chicago, IL) for Windows at an adopted significance level of 0.05. Post hoc power calculations were performed using the PASS sample size software (NCSS Inc., Kaysville, UT).
RESULTS
For each group of infants, the weight, length, circumferences, and calculated muscle and fat areas of arm and thigh and DXA measurements are shown in Table 2 . Skinfold thickness measurements between 15 and 60 s were highly significantly correlated for all sites (r ϭ 0.973-0.996 and p Ͻ 0.001 for all comparisons). Comparisons of skinfold thickness among different groups are shown in Table 3 .
The strong correlations among the four circumferences produced one principal component, accounting for 96.8% of the variance, and a composite circumference was then computed for subsequent analysis. Similar computation of a composite skinfold measurement was possible because one principal component accounted for 91.2% of the variance.
Bivariate correlation of combined data from all infants indicated that the composite circumference measurements are significantly correlated with lean and fat mass (r ϭ 0.97 and 0.92, respectively, p Ͻ 0.01 for all comparison) and similar findings with the composite skinfold measurements (r ϭ 0.91 for fat mass, p Ͻ 0.01; r ϭ 0.75 for lean mass, p Ͻ 0.01). When applied to individual groups, the correlations between the composite circumference and skinfold measurement with lean and fat mass were similar for the AGA and SGA groups. For the LGA group, these composite measurements significantly correlated with fat mass but not with lean mass. The correlations with fat mass as percentage of body weight is slightly but consistently lower than that for absolute fat mass.
Principal component analysis of the ratios of weight to length and its higher powers indicated that a single composite score could account for Ͼ92% of the total variance. Weight/ 
11.9 Ϯ 3.5 22.5 Ϯ 5.6 10.0 Ϯ 2.7 696 length 2 alone could account for Ͼ99% of this variance regardless of AGA, LGA, and SGA groups, and it was used as the only ratio between weight and length for subsequent analysis.
The predictability of measured or derived anthropometry for DXA-measured total body lean and fat mass are shown in Tables 4 -6. The predictability for body composition generally shows slightly higher variance when applied to all infants rather than to each of the groups (AGA, LGA, or SGA) because of greater heterogeneity from combining all groups, i.e. no restriction of variance. The prediction for lean mass is consistently better than that for fat mass, which in turn was better than that for fat percentage for AGA and SGA infants (data not shown) in comparison to LGA infants.
Weight and length were consistently the best predictors of body composition, as was body mass index, even when race, gender, and gestation were included in the regression (Tables  4 -6 ). In the presence of weight and length, the measured circumferences (chest, abdomen, midarm, and midthigh) contributed an additional 5.1% of the variance in the prediction of lean mass in LGA group and 1.8 -3.4% of the variance of fat mass in the three groups (Table 4) . Skinfold measurement contributed an additional 22.5% of the variance in the prediction of lean mass in LGA group and 6.3-8.4% of the variance in the prediction of fat mass in the three groups (Table 4) .
Of the ratios calculated from measured anthropometry, the ratio weight:length 2 was the dominant predictor of body composition in all groups except for lean mass in the LGA group. Weight:length 2 alone accounted for Ͼ81% of the variance in the prediction of lean mass in the AGA and SGA groups and 67-74% of the variance in the prediction of fat mass (Table 5 ).
In the presence of weight and length, the addition of derived arm and thigh muscle and fat area using reported formulas (11) accounted for 10.5% of the variance in the prediction of lean mass in LGA group only and 2.9 -9.1% of the variance in the prediction of fat mass in the three groups ( Table 6 ). The addition of thigh muscle and fat areas to arm muscle and fat areas resulted in minimal or no improvement in the prediction of body composition.
For all prediction equations of body composition generated from the use of either the measured or derived anthropometry, the lowest variance in lean mass was noted in LGA infants and the lowest variance in fat mass was noted in SGA infants. Furthermore, the prediction equations generated from measured or calculated anthropometry of all infants were less accurate for the prediction of lean or fat mass in the SGA group than other groups, and the prediction equations based on calculated anthropometry ratios of all infants were less accurate for the prediction of fat mass in the AGA group than other groups. Except for the R 2 values Ͻ0.24, the power associated with all R 2 reported is at a minimum of 0.96 (Tables 4 -6 ).
DISCUSSION
In the neonate, the classic anthropometry of weight and length are well known to have significant correlation with and be predictive of multiple components of body composition (22) (23) (24) (25) (26) , thereby allowing assessment of the quality of growth such as the extent of energy, fat, and protein deposition. Further refinement of anthropometry calibrated against a validated measure of body composition potentially could better define the role of whole-body or regional anthropometry as a means for objective quantification of lean and fat mass. However, the relative importance of whole-body or regional measurements or values derived from these measurements is not well defined.
This report represents a comprehensive study of neonates on the relative contribution of multiple measured and derived anthropometry for the prediction of body composition, specifically DXA-measured lean and fat mass. The goal of this study was to determine relative value of different aspects of anthropometry in the prediction of body composition. It is not meant to determine the effect of variations (normal or abnormal) in in utero growth on changes in anthropometry or DXA measurements. Thus, the heterogeneity of our infant population with a large range of gestational ages and amounts of lean and fat mass would enhance rather than detract from the understanding of the value of various measured and derived anthropometry in the prediction of body composition.
Body composition was determined using a reference method, DXA, because its use in small infants was validated independently by multiple investigators (18, 19, 27, 28) . We have also shown that the measurement from pencil-beam DXA technique used in this study is highly predictive of those obtained by the newer fan-beam DXA technique (29) . Thus, our conclusions would be valid regardless of the DXA technique used. Another strength of this study is that all measure- (14, 15, 30, 31) . Our data demonstrated that directly measured anthropometry has excellent predictive value for body composition in a heterogeneous population of neonates. In our analysis, we controlled for race and gender, which could have a small but independent effect on body composition (21, 22, 24, 26, 32) , and also controlled for gestational age to adjust for the over-or undergrown neonate for the same gestation. Anthropometry, in conjunction with race, gender, and gestation, accounted for as much as 98% of the variance for lean mass and almost 94% of the variance for fat mass. Weight and length alone accounted for the majority of this predictive ability and accounted for Ͼ96% and Ͼ88% of the variance for lean and fat mass, respectively. Our data demonstrated that measured regional anthropometry, specifically, the circumference and skinfold measurements at various sites of the trunk and extremities, have strong correlation with lean and fat mass. This is consistent with high correlation between circumferences and fat-free or fat mass reported by other investigators (33) . However, our data show that the relative explanatory value of regional anthropometry for body composition is much less than the classic whole-body anthropometry.
The circumferences have minimal contribution to the prediction of body composition when compared with weight and length. In contrast, skinfold thickness has an independent predictive value for fat and lean mass. The lower correlation and predictive value of all anthropometric measurements for fat mass as a percentage of body weight versus the absolute fat mass is consistent with isotope-labeled water studies (34), another reference method for the measurement of body fat. In this study, skinfold thickness accounted for~20% of the variance of lean mass in LGA neonates. This is consistent with the increase in fat mass in LGA infants, which presumably is a surrogate for the increased lean mass (35). This is also consistent with the report that skinfold thickness is correlated with fat-free mass (33) .
Dynamic skinfold measurement has the theoretical advantage of minimizing the effect of s.c. water on skinfold thickness (15, 16) . However, our data demonstrated the extremely high linear relationship between the 15-and 60-s skinfold measurements at all sites. Our findings when coupled with the report that the slope of decrease in skinfold thickness starts to plateau within a few seconds after the application of the caliper (15) support the adequacy of a 15-s skinfold thickness measurement for the purpose of body composition estimation.
The use of ratios of weight to length to determine the appropriateness of growth (23, 33) and the use of midarm circumference to head circumference ratio and ponderal index (7) (8) (9) in the prediction of symptomatic metabolic abnormalities in neonates with abnormal in utero growth are reflections of the differential growth and body composition in situations of under-or overnutrition, with length and head circumference usually affected to a relatively lesser extent than weight and circumferences at the trunk or extremities. These indicators of differential response to varied nutrition state theoretically increase the discriminatory power to detect disturbances in 698 growth and body composition and therefore metabolic disturbance. These assumptions are consistent with our data that the ratios of body and limb circumferences to head circumference have a greater independent predictive value on body composition of infants with abnormal in utero growth. Our data indicated that body mass index (weight/length 2 ) is consistently the best ratio for the predictability of body composition except for lean mass in LGA infants. The lack of predictability of body mass index or the ratios from regional anthropometry for lean mass in the LGA group was presumably the result of homogeneity of the body weights in this group. Furthermore, in LGA neonates, both weight and length have varied independent and interactive predictive effect on body composition, and they have disproportionate increase in fat mass (35). The latter in turn could have disproportionately increased body and limb circumferences and negatively affected the relationship with lean mass.
The derived anthropometric values using equations based on the assumption that various regions of the body and extremities are cylinders (10, 11) have some theoretical advantages compared with the use of simple ratios. However, this assumption is likely an oversimplification of the anatomy and is consistent with the reports of their poor agreement with body composition measured by reference laboratory methods including total body electrical conductivity (36) or DXA (37) in infants. This is also consistent with our finding that the addition of calculated arm and thigh muscle or fat areas contributed little to the variance in the prediction of lean and fat mass compared with the use of weight and length alone. In our study, the combination of thigh and arm muscle and fat area was no better than the use of arm muscle or fat area alone for the prediction of body composition.
Traditionally, the use of multiple sites for the determination of circumference and skinfold in the assessment of body composition is to minimize the measurement error. However, as our data showed extremely high correlation of circumference and skinfold thickness among different sites, it seems reasonable to recommend that anthropometric measurements at a single region in addition to total body weight and length could account for body composition with similar effectiveness as the use of multiple additional regional and derived anthropometric values. Our data indicated that tricep site is the most relevant single region because midarm circumference and tricep skinfold could provide a ratio against head circumference and calculated arm muscle and fat areas that maximized the predictive value of anthropometry for body composition.
CONCLUSION
We conclude that measured and derived anthropometry from weight and length, head circumference, midarm circumference, and triceps skinfold measurements offers the maximum predictive value for body composition in neonates. Midarm circumference:head circumference ratio and arm muscle and fat areas are the most important derived anthropometry in the prediction for body composition. A 15-s skinfold thickness is as effective as the 60-s measurement. The predictability of anthropometry for body composition may be altered in infants with abnormal in utero growth.
